Post-traumatic joint contracture induced by scar tissues following a surgery or injury can leave patients in a permanent state of pain and disability, which is difficult to resolve by current treatments. This randomized controlled trial examines the therapeutic effect of pulsed highintensity laser (PHIL) and pulsed high-intensity focused ultrasound (PHIFU) for post-traumatic joint contracture due to arthrofibrosis. The peak power levels of both PHIL and PHIFU are much higher than that of laser or ultrasound currently used in physical therapy, while short pulses are utilized to prevent damage. To test the effectiveness of these treatments, a rabbit knee model for joint contracture was established. 21 rabbits were split into four groups: untreated control (n=5), PHIL (n = 5), PHIFU (n = 5), and a PHIL + PHIFU group (n = 6). Maximum extension of the surgically modified rabbit knee was compared to that of the contralateral control knee over the course of 16 weeks. The rabbits in the untreated control group maintained a relatively consistent level of joint contracture, while every rabbit in each of the treatment groups had improved range of motion, eventually leading to a restoration of normal joint extension. Average recovery time was 7.6 ± 1.5 weeks for the PHIL treatment group, 9.8 ± 3.7 weeks for the PHIFU group, and 8.0 ± 2.2 weeks for the combined treatment group. Histopathology demonstrated reduced density and accelerated resorption of scar tissues in the treated knee joints. This study provides evidence that both PHIL and PHIFU are effective in treating post-traumatic joint contracture in rabbits and warrant further investigation into the underlying mechanisms to optimize PHIL and PHIFU based treatments in a larger number of animals.
A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
Introduction
Patients who can no longer fully extend a joint after it has been injured are considered to have post-traumatic joint contracture, a condition which results in pain, stiffness, and disability for the patient. Post-traumatic joint contracture is often caused by arthrofibrosis, which is defined as a buildup of fibrous scar tissues in the joint, causing a painful reduction in range of motion (ROM) (Petsche and Hutchinson, 1999, Shelbourne and Patel, 1999) . Post-traumatic contracture can result from either an initial injury to the joint or as a complication from surgery on the joint, such as anterior cruciate ligament (ACL) reconstruction or total knee arthroscopy (TKA) (Cosgarea et al., 1994) . Currently when patients have joint contracture due to arthrofibrosis they will receive either conservative treatment or in more severe cases, surgery to release the contracture, however a complete recovery is not always attained (Enad, 2014 , Hutchinson et al., 2005 , Schiavone Panni et al., 2009 , Schwarzkopf et al., 2013 , Kucera et al., 2007 , Cosgarea et al., 1994 .
Conservative treatment usually includes anti-inflammatory medication, stretching, joint mobilization, strengthening exercises, or therapeutic modalities (i.e. ultrasound or laser) to increase the limited ROM in the joint (Shelbourne and Patel, 1999) . To achieve meaningful results, the conservative treatment often requires the aggressive use of physiotherapy (Cheuy et al., 2017) .
Extensive physical therapy can be very uncomfortable and painful for the patient, which can reduce patient compliance to maintain their exercise and treatment plan.
Patients with more severe joint contracture, or who have been unsuccessful with conservative treatments are referred to surgical intervention. While surgery can be successful for some patients, others may never fully recover normal ROM (Kucera et al., 2007) . In some cases the surgery itself may produce scar tissue in and around the joint, resulting in increased joint contracture (Mitsuyasu et al., 2011) .
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We have developed a combined laser and ultrasound treatment system to reduce post-traumatic joint contracture due to arthrofibrosis. Our treatment system utilizes pulsed high-intensity laser (PHIL) and pulsed high-intensity focused ultrasound (PHIFU.) PHIL and PHIFU can be used independently or can be applied synchronously.
PHIL differs from traditional laser therapies by using high intensity pulses with durations of only a few nanoseconds. For example, the peak intensity of PHIL used in the current study is greater than 10 MW/cm 2 ; the pulse duration is, however, only 5 ns. These very short pulses cause the photomechanical effect in optically absorbent tissues (McDonald and Wetsel, 1978) , such as fresh scar tissue containing high concentrations of hemoglobin. The photomechanical effect creates a stress wave induced by the thermal expansion and contraction after the rapid heating and cooling caused by the short laser pulse. The short pulse duration also prevents the burns and thermal ablation seen in laser resurfacing treatments (Tanzi and Alster, 2002) . Laser light has been shown to stimulate cells to promote healing responses through low-level laser therapy (LLLT) (Medrado et al., 2003 , Karu, 1987 The higher intensity utilized in PHIL is intended to promote healing in deeper tissues than those targeted in LLLT (Karabut et al., 2016) .
Ultrasound has been used to some success in the treatment of post-traumatic joint contracture and musculoskeletal disorders (Tsumaki et al., 2004 , Usuba et al., 2006 , Naito et al., 2010 , LoyolaSanchez et al., 2012 , however the studies investigating its effectiveness mainly utilized lowintensity ultrasound (LIUS) and produced inconsistent results (van der Windt et al., 1999) . The applications of high intensity focused ultrasound (HIFU) are not as common in the treatment of musculoskeletal disorders. A limited number of studies showed that HIFU could reduce musculoskeletal pain (Masciocchi et al., 2014 , Brown et al., 2015 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 5 PHIFU has been used to disrupt the dense fibrous tissue in a porcine tendons and ligaments of the ankle (Kuo, 2010) . Further investigation showed that the tissue was mechanically disrupted and the young's modulus of the tissue was reduced (Yeh et al., 2013) . Both of these studies were performed ex vivo. The effectiveness of PHIFU on loosening fibrous tissue or relieving joint contracture has not been studied in vivo.
When pulsed laser and ultrasound are combined they cause synergistic increase in cavitation (Cui et al., 2013) . This phenomenon has been utilized in photo-mediated ultrasound therapy (PUT) to selectively target microvasculature (Hu et al., 2017) . In a similar fashion, we will apply both PHIL and PHIFU at the same time to selectively cause cavitation in the scar tissue. The cavitation is intended to provide an additional method of disrupting the collagen fibers of the scar tissue. To treat the dense tissues within the knee higher intensities of both laser and ultrasound will be used in this study compared to those used to target microvessels. The treatment probe was constantly scanned over the treatment area to avoid severe cavitation damage to a particular location.
We studied the effect of ultrasound on relieving joint contracture on a rabbit post-traumatic joint contracture model. Our ultrasound system utilizes high intensity focused ultrasound (HIFU), as opposed the unfocused lower intensity ultrasound that has been utilized. The peak intensity of PHIFU burst employed in the current study is more than 2000 W/cm 2 . HIFU creates strong ultrasound intensity at the focal point of a HIFU transducer, while having a weaker intensity near the surface of the tissue. As a result, high dosage of ultrasound energy can be delivered to the focal point, while damage to the surrounding tissues can be avoided. A small duty cycle of 1.5% was used to prevent excessive heating.
Focused ultrasound has been shown to be effective in the treatment of neural tissues in the brain.
Higher intensities of ultrasound have been used for direct ablation of neural tissues (Hynynen), A c c e p t e d M a n u s c r i p t 6 while lower intensities have been used for non-ablative stimulation (Tufail et al., 2011 , Lewis et al., 2016 . Tyler (Tyler, 2011) proposed that non-ablative stimulation can effectively stimulate the conduction of neurons by increasing membrane permeability through mechanical effects. While the peak intensities of PHIL and PHIFU are comparable to ablative therapies, the short pulses are expected to prevent ablation while causing mechanical effects commonly seen in non-ablative applications. The mechanical effects created by PHIL and PHIFU are expected to cause stimulation of the nerves in the targeted joint, leading to increased muscle activity.
The current study will investigate the independent effect of PHIL and PHIFU, as well as the effect when both techniques are combined. The purpose of both techniques is to create mechanical effects from laser or ultrasound stimulation while avoiding ablation and thermal effects. The peak power levels used in the current study are much stronger than the laser and ultrasound levels traditionally used in physical therapy for musculoskeletal disorders. The short pulses and low duty cycles in the proposed therapies are intended to counteract the increased peak intensity, allowing these high intensity therapies to be used outside of surgical applications. Therefore, the current treatment scheme may open up a new avenue on how to use laser and ultrasound in relieving joint contractures.
Methods and materials

System
The treatment system (figure 1(a)) involved a 532 nm laser (Surelight SLI-30, Continuum, Santa Clara, CA)) system delivering light through an optic fiber to the treatment probe. The laser additionally triggered a function generator (33250A, Agilent Technologies, Santa Clara, CA.) The function generator was connected to a 50 dB power amplifier (350L RF Power Amplifier, ENI The ultrasound transducer was used to deliver 1000 cycles of 1-MHz ultrasound when triggered by the laser, creating a 1-ms burst. The 532 nm laser pulse had a 30-Hz repetition rate and a 5-ns pulse duration. The use of the optical fiber limited the maximum laser surface fluence that could be delivered to 52 mJ/cm² in our system. Due to the differences in travel speed, the ultrasound burst must begin before the laser pulse in order for both to arrive at the same time. When the laser triggered the function generator a 33.0-ms delay was added so that the ultrasound burst would A c c e p t e d M a n u s c r i p t 9 begin just before the next laser pulse. The function generator used in this experiment was unable to detect an incoming trigger while creating an ultrasound burst. This resulted in the PHIFU bursts occurring at a 15-Hz repetition rate, with each PHIFU burst synchronized with every other PHIL pulse. The synchronization between PHIL pulses and PHIFU bursts is shown in Figure 2 . An oscilloscope (DPO 3034, Tektronix, Beaverton, OR) was used to confirm that the laser pulse arrived during the beginning of the ultrasound burst. HIFU burst is triggered by the laser pulse, however due to differences in travel time a delay is added to insure that the next laser pulse is within the HIFU burst. The Laser pulse arrives at a frequency of 30 Hz. The HIFU burst lasts 1 ms and starts with a frequency of 15 Hz.
In order to select appropriate PHIFU treatment parameters, testing was performed on fresh ex vivo rabbit thighs muscles. Cavitation thresholds using PHIFU only were determined through the use of a flat transducer (V310, Olympus Scientific Solutions Technologies Inc., Waltham, MA) as a passive cavitation detector (Madanshetty et al., 1991) . A ultrasound burst length of 1 ms with a peak negative pressure of 8 MPa was found to be just below the cavitation threshold. These values A c c e p t e d M a n u s c r i p t 10 were selected to cause mechanical effects without causing cavitation in PHIFU alone. When both PHIL and PHIFU are combined cavitation was detected in the ex vivo thigh.
A standard calibrated needle hydrophone (0.5 mm Needle hydrophone SN 1462, Precision Acoustics, Dorchester, UK) on a 3D translational stage was used to determine the distribution of the ultrasound emitted from the treatment probe while both were fully submerged in a tank of degassed water. The peak negative pressure of the ultrasound was measured along the central axis for the first 20 mm outside of the treatment probe, and radially at the focal point. The focal point was found to be 6 mm from the treatment probe with a width of 3.2 mm. The hydrophone was only used at pressures under 1 MPa. These results were extrapolated using a finite-difference time-domain (FDTD) simulation as described by Hallaj and Cleveland (Hallaj and Cleveland, 1999) , and experimentally validated by Huang et. al. (Huang et al., 2004) . Propagation of the ultrasound waves were simulated while accounting for nonlinear effects, acoustic absorption, and the acoustic properties of soft tissue. The simulation required the surface pressure of the transducer during a pulse. The relationship between input voltage and surface pressure of the transducer was determined by comparing hydrophone measurements with simulated results during linear conditions.
Animal Model
We have established a novel knee arthrofibrosis model based on New Zealand rabbit (Hazlewood et al., 2018) . New Zealand white rabbits were selected for the animal model due to the relatively large size of their knees. The rabbits were of mixed genders, and aged 6-8 months weighing between 2.8 and 3.6 kg at the time of surgery. Post traumatic joint contracture was created in the right knee of each rabbit through a single surgery. The rabbits were anesthetized through inhalational general anesthesia with isoflurane (to effect) after being sedated with ketamine (40 mg/kg) and xylazine (5 mg/kg). Animals were prepared and draped in the usual sterile fashion
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The lateral 1/3 (posterior to LCL) and the medial 1/3 (posterior to MCL) of the posterior synovium/capsule were transversely incised superficially and then completely disrupted by forceps. The middle 1/3 was partially disrupted by forceps.
In order to facilitate the scar formation in the posterior areas of the knee, a muscle flap was dissected out from the distal portion of biceps femoris, pulled towards the lateral side of upper tibia, and sutured with the superficial layer of the lateral head of gastrocnemius to hold the knee in a flexion position of approximately 60. This procedure prevented the knee joint from extension (see figures 2(c) and 2(d)). The flexed immobilization was further enhanced by pulling the superficial layer of the medial flexors together with absorbable sutures (4-0 Vicryl, Ethicon). The deep fascia was closed with absorbable sutures (4-0 Vicryl, Ethicon). The skin incisions were then closed with 4-0 non-absorbable sutures. E-collars were placed around the necks of the rabbits as they recovered from anesthesia. The non-operated left knee was used as a baseline control. After surgery, animals were allowed free cage activity. The operated rabbits were monitored for pain and received meloxicam (0.2 g/kg) as an analgesic as determined by the monitoring veterinarian.
Post-operative measurements
During the 8-week recovery period the operated knee was not immobilized, and the rabbits were allowed to use the leg as desired. This experimental design was chosen for multiple reasons.
Firstly, by not immobilizing the knee it prevented knee contracture that might be due to the immobilization of the knee. Secondly, this reduced the amount of muscle atrophy in the musculature knee. Some atrophy is to be expected with arthrofibrosis of the knee, but additional A c c e p t e d M a n u s c r i p t 12 atrophy would have been caused if the knee had been immobilized. Finally, allowing the rabbits to use the operated leg as desired dramatically reduced the stress in the rabbits.
A training program was also performed during the 8-week recovery period. The rabbits were wrapped in a towel and held by a researcher for increasing periods of time up to 20 minutes. At the end of this time the rabbit was rewarded with a small piece of fruit and returned to its cage.
The goal of the training program was to acclimate the rabbits to being held in order to reduce stress and movement during later treatments and measurements of knee flexion contracture.
Starting eight weeks after the surgery, weekly measurements were performed to determine the severity of knee contracture. For the health of the rabbits they were not anaesthetized during these measurements. The rabbit was first wrapped in a towel and gently held in a position where it was laying on its side. The leg was exposed and the thigh was held against the body in a natural (Barlow et al., 2013 , Nesterenko et al., 2009 ). Other studies have used a torque of 0.49 N•m (Fukui et al., 2001 , Fukui et al., 2000 , however the lower value was selected to prevent any therapeutic effect from the additional stretching. Cares were taken to ensure that the rabbit was not resisting or forcing the leg during the measurement. The extension angle from the 0.2 N•m torque between the femur and the tibia was measured. Net flexion contracture was calculated by taking the difference in maximum extension between the operated knee and contralateral control knee. Five repeated measurements throughout the course of a day were used to estimate the measurement error of 3°.
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Treatment
Rabbits were randomly placed into one of four treatment groups. The first group received PHIL treatment. The PHIL group received 532 nm laser light with a surface fluence of 52 mJ/cm² at 30
Hz of 5-ns laser pulses (corresponding to ~10.4 MW/cm 2 peak intensity). The second group received PHIFU treatment. The PHIFU group received 1000 sine wave cycles of 1 MHz ultrasound with a peak negative pressure of 8 MPa (corresponding to ~2133 W/cm 2 peak intensity).
The third group received combined PHIL and PHIFU treatment simultaneously. Finally a fourth group was used as a control without treatment. The combined group received both treatments at the same time, with every other laser pulse synchronized with the ultrasound burst (figure 2).
Treatments were performed twice weekly. During each treatment, the rabbits were placed into a soft restraint cloth first. The restraint cloth covered the rabbit in soft material while providing a slit for the operated knee to be exposed. The restraint cloth also covered the eyes of the rabbits to prevent possible laser exposure. The knee was shaved with an electric razor to expose skin. A treatment area with a diameter of approximately 5 cm was selected on the lateral side of the leg slightly posterior to the tibial plateau. EMLA cream was applied to the treatment area for proactive pain relief. Ultrasound coupling gel was applied to the knee to insure acoustic transmission. Each treatment session lasted for 10 minutes. During this time the treatment probe was gently moved across the treatment area to prevent skin damage or irritation from prolonged treatment at a single location. Afterwards the ultrasound gel was wiped from the knee, and the rabbit was returned to its cage.
During the course of our treatment the rabbits very occasionally showed signs of distress, however in every case that this happened it appeared to be from the rabbit resisting the restraint as opposed A c c e p t e d M a n u s c r i p t 14 to a response to the actual treatment. If needed the treatment would be paused until the rabbit was calmed. These breaks took no longer than one minute.
Histology and Histochemistry
At the designated endpoints, rabbits were euthanized by the injection of 1 ml of commercial available euthanasia solution containing pentobarbital (Vortech Pharmaceuticals, Dearborn, MI).
Upon euthanasia, both the operated and non-operated knee joints were harvested. The harvested knee joints were fixed in 10% buffered formalin (American MasterTech, Lodi, CA) for 7-10 days, then decalcified in 25% formic acid (Sigma, St. Louis, MO), and embedded in paraffin (Leica Biosystems, Richmond, IL). The samples were then sectioned at 5 µm, and stained with hematoxylin and eosin (H&E) to observe the general tissue structures. Safranin O and fast green stains were used to identify cartilage cells and matrices as described previously (Xu et al., 2007 , Wang et al., 2009 , Rodova et al., 2011 , Wang, 2000 . In order to identify the spatial relationship between the joint structure and scar tissues, the knee joint samples were sectioned in either cross or sagittal orientation.
Statistical Analysis
The resulting measurements of flexion contracture are presented as means ± standard deviation.
The various means were then compared using Student's t-Test (two-sample, two-tailed, unequal variance). Fisher's exact test was used to compare the recovery rates of the different groups. The null hypothesis was that there was no effect from the treatment regime compared to the control.
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Results
Flexion Contracture Measurement
Twenty-one rabbits were used in this study with 5 being used in the untreated control, PHIL, and PHIFU group, while 6 rabbits were used in the combined group. Weekly averages of net flexion contracture measurements for each group are summarized in Table 1 . Statistical significance was determined through the use of Student's t-Test by comparing each treatment group with the control group for each week of measurements. Once a rabbit reached a complete recovery, defined as maximal knee extension in both knees within measurement error, it was euthanized and considered to have a net flexion contracture of 0 degrees for all further weeks. Figure 3 shows the average time required for each group to make a complete recovery.
It can be seen that all three of the treatment groups eventually showed statistically significant improvement when compared to the control group. Additionally, all of the rabbits that received treatment made a complete recovery, while no subjects in the control group made a complete recovery within the 16 weeks of the study (p = 0.008). The average period of time required for complete recovery was 7.6 ± 1.5 weeks for the PHIL treated group, 9.8 ± 3.7 weeks for the PHIFU treated group, and 8.0 ± 2.2 weeks for the combined treatment group. However, the differences in average recovery time between all treatment groups were not statistically significant with the number of rabbits used in this study. One rabbit in the PHIFU treatment group was found to have additional bone growth in the treated knee, and also had the slowest recovery. However, the differences in average recovery time between all treatment groups were not statistically significant. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Table 1 : Flexion contracture measurements were taken by measuring the angle of extension when a 0.2 Nm torque was applied to extend the knee. The presented results represent the difference between the model knee and the contralateral control knee. Measurements were performed weekly for 16 weeks or until there was equivalent flexion contracture in both knees. p-values were determined through comparisons to the control group. "*" represents weeks when all of the subjects in the given group had made a full recovery. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
Histological Analysis
Experimental rabbits were euthanized for histological analyses of the knee joints at 24 weeks postsurgery. Tissue sections were microscopically examined through both conventional and polarizing lenses, with a main focus on the posterior region of the knee joints where the joint capsule was disrupted in the operated animals. In the non-operated knees, the normal joint capsules displayed intact fibrous structure with well-organized collagen orientation when viewed under polarizing 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
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Discussion
All three of the tested treatment groups showed a statistically significant improvement when compared to the untreated control, demonstrating that these modalities may be effective in the treatment of knee flexion contracture caused by arthrofibrosis. This conclusion was shown through weekly measurements of flexion contracture, as well as through histological analysis.
One rabbit in PHIFU group was found to have additional bone growth in the treated knee. This caused the joint to become wider than the contralateral control knee. This rabbit also had the longest recovery time of all of the treated subjects. The cause of this complication is unclear. It would be possible that prolonged PHIFU therapy caused pathological bone growth, or surgical damage to the joint capsule resulted in osteophyte formation. More investigation into this matter is warranted.
While all three treatments were effective, the differences in recovery times were not statistically significant when compared between treatment groups. We hypothesized that if both PHIL and PHIFU were successful, then the combined treatment would have even greater success, however all three treatment groups had similar results. The most likely cause is the large uncertainty in this study. The number of animals in this study was selected to determine if the treatments were effective compared to the control group. Additional studies with larger numbers of test subjects are needed to determine if there are statistically significant differences between the different treatment methods. Power analysis suggests that minimum groups of n = 25 are needed to compare the recovery times of PHIFU and PHIL groups. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 21 intensity used in PHIFU can produce mechanical effects such as acoustic radiation force (ARF) that may stimulate the tissue (ter Haar, 2007) . These forces may cause a vibration at the pulse repetition rate similar to those used in vibrational therapy (Mano et al., 2015) . PHIL utilizes highpeak-intensity laser with short pulse duration, typically less than 10 ns. As a result, PHIL can induce strong acoustic pulses through the photoacoustic (PA) effect in any tissue that has strong optical absorption at the peak intensity employed in the current study (Jo and Yang, 2016) . The strong PA pulse may serve as a secondary source of vibratory stimuli on tissue, particularly for strongly optically absorptive tissue, such as fresh scars that contain high concentrations of hemoglobin.
The other possible mechanism is mechanical separation of the scar tissue, or cavitation. This may be achieved directly through the large rarefaction pressures to induce micro cavitation in the scar tissue. Because of the employed high intensity of laser and ultrasound, micro cavitation may be induced in fibrous tissues and cause micro lesions, resulting in the remodeling of the fibrous tissues and relief of the contracture.
Whenever high intensity laser and ultrasound are used, safety would be a concern. The laser fluence level used in the current study (52 mJ/cm 2 ) is greater than the laser safety limit for human skin exposure (20 mJ/cm 2 ) (2007). However, we did not observe any burnt or necrotic tissues either on the skin or inside the treated rabbit knees. In addition, our HIFU burst is only 1-ms, which is faster than a single action potential. This is expected to lead to reduced perception of the burst in a similar fashion as seen is very short audio pulses (Everest, 2001) . As a result rabbits did not show any resistance to the treatment, indicating that the treatment is safe and tolerable.
It should be noted that while it has been demonstrated that PHIL can successfully treat arthrofibrosis in rabbit knee joints, it is expected to have a reduced effect in human joints. The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 22 limited penetration depth of laser therapies is expected limit effective treatment of scars to those within one centimeter of the skin surface. Laser based therapies have an advantage over ultrasound based therapies by selectively targeting optically absorbent tissues. The limited penetration, and the selective targeting suggests that PHIL may be best suited to the treatment of smaller joints, or the parts of larger joints that are close to the surface. While PHIFU is more difficult to target, it is able to achieve much greater penetration depths, suggesting that it holds great promise in the treatment of arthrofibrosis in shoulders, knees, and other larger joints.
Future work intends to refine the treatment parameters, such as duration and intensity, to optimize the treatment. An addition goal is to determine if these therapies can be applied during the initial recovery from an injury or surgery to prevent post traumatic joint contracture.
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